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Abstract. We review the theoretical efforts to understand why pre-main- 
sequence stars spin much more slowly than expected. The first idea put for- 
ward was that massive stellar winds may remove substantial angular momentum. 
Since then, it has become clear that the magnetic interaction between the stars 
and their accretion disks explains many of the observed emission properties. 
The disk locking scenario, which assumes the magnetic star-disk interaction also 
solves the stellar spin problem, has received the most attention in the literature 
to date. However, recent considerations suggest that the torques in the star-disk 
interaction are insufficient for disk locking to explain the slow rotators. This 
prompts us to revisit stellar winds, and we conclude that stellar winds, work- 
ing in conjunction with magnetospheric accretion, are a promising candidate for 
solving the angular momentum problem. We suggest future directions for both 
observations and theory, to help shed light on this issue. 



1. Introduction: The Angular Momentum Problem for Young Stars 

Before the rotation rates of optically visible pre-main-sequence stars (T Tauri 
stars) were kno wn, it was expected that these stars would spin at or very near 
breakup speed ( Vogel Sz Kuhil [l98ll ) . This expectation was well-founded, since 
molecular cloud cores, which collapse to form stars, are observed to have ~ 10 4 
times more angular momentum than a star rotating at breakup speed. Thus, 
collapse proceeds to first form a Keplerian disk, and stars are built up by ac- 
creting material from this disk. Even if a protostar was born with slow spin, the 
accretion of this disk material with high specific angular momentum would spin 
up the star. The timescale for an accreting star to spin up by some amount, 
A/, expressed as a fraction of breakup speed, is given by 



where k 2 is the square of the mean radius of gyration (defined by the moment of 
inertia 7* = k 2 M*R 2 ); R* and M* are the stellar radius and mass; R t is the radius 

of the disk inner edge; M a is the mass accretion rate; and / = (GM*) -1 / 2 ) 
where f2* is the angular rotation rate of the star. Thus, a typical T Tauri star 



1 



2 



Matt & Pudritz 



should spin up by « 10% of breakup speed every hundred thousand years. Since 
protostars are not likely born with slow spin, and since T Tauri ages are typically 
several times 10 5-6 yrs, one expects them to rotate rapidly. 

Adding to the expectation of rapid rotation, pre-main-sequence stars con- 
tract by a factor of several times before they reach the main sequence. Fur- 
thermore, it is well known that main sequence stars with spectra type later 
than ~F2 lose angular momentum via magnetized, coronal stellar winds. But 
the timescale for this spin down is of the order of billions of years. Since the 
pre-main-sequence phase lasts only a few tens of millions of years, an ordinary 
(main-sequence-like) stellar wind cannot be important for angular momentum 
evolution of a T Tauri star. 

However, over the last few decades, me asurements of y sinz and rotation 
perio ds f or large samples o f T Tauri stars ( Vogel Kuhi|[T98ll ; iHerbst et al.l 
20071 . see lRebull et al.ll2004l for a compilation) have revealed that approximately 
half of the stars are rotating at only ~ 10% of breakup speed. How do these 
stars rid themselves of angular momentum? 



2. Stellar Winds, Take One 



The first proposed solution to this problem, bv lHartmann Sz Stauffer (1989), was 
that substanti al angular m o mentum could be rem oved by a magnetized stellar 
wind (see also iMestel 1 19841 ; iTout Pringld lT992). These winds would have to 
be massive, with mass outflow rates comparable to the accretion rates, and the 
stars should be more h ighly magnetized than their main sequence counterparts. 
Hartmann et al.l ( 199dl ) computed optical emission line profiles (of hydrogen, Mg 
II, Ca II, and Na I) expected to arise in such a wind, with a temperature ~ 10 4 K. 
However, these computed lines, which typically exhibit broad P-Cygni profiles, 
did not match very well with those observed. 

As discussed in the next section, it is no w clear that those line s arise pri- 
marily from material accreting onto the star ( Muzerolle et al. 200ll ). though a 
small contribution to t he flux from a disk wind or stellar wind might be present 
( Kurosawa et al. 20061 ). Furthermore, as discussed in section 5, the stellar winds 
are likely to be much hotter than 10 4 K, so the emission from the wind may be 
quite different than that considered bv lHartmann et"aT. ( 19901 ). 



3. The Magnetic Star-Disk Interaction 



Aro und the s ame t ime as the work of Hartmann et al. ( 199d ). ICamenzind (1990) 
and iKdnigl ( 199ll ) applied the magnetic accretion model of I Ghosh Sz Lamb 
( 19781 ) to T Tauri stars. This model was originally developed for accreting 
neutron stars, and it neglects any effects of a stellar wind. A common feature 
of all magnetic star-disk interaction models is that the stellar magnetosphere 
is strong enough to disrupt the accretion disk at some radius (Rt) above the 
surface of the star. From there, accreting material is channeled by the magnetic 
field lines onto the stellar surface at near free-fall velocities. 

The truncation of the disk occurs where the stellar magnetosphere is able to 
spin down the disk material so that it is no longer centrifugally supported against 
gravity. Thus, the star feels a spin up torque due to the disk truncation and 
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subsequent accretion of material equal to the accretion rate times the specific 
angular momentum of material rotating at Keplerian speed at Rt- This accretion 
torque is 



j a = MWGM.Rt. (2) 

We used this torque to calculate the spin up time in equation [TJ 

This basic concept of disk truncation and magnetospheric accretion has 
been very successful at explaining the observed line profiles and fluxes (e.g., 
of hydrogen, Ca II, Na D) as arising from mater ial that is flowing alo ng the 
magnetic field line onto the surface of the star (e.g. Muzerolle et al.ll200ll ). Also, 



shocks formed by accreting material striking the stellar surface provides a natural 
explanation for observed uv excesses and hot spots on the surface of the T 
Tauri stars ( Konigl 199ll ). It is now clear that magnetospheric accretion is 



indeed an important process occuring in accreting T Tauri stars. However, it 
is important to note that the observations supporting magnetospheric accretion 
do not address the angular momentum flow in the star-disk interaction, which 
is the topic of the remainder of this section. 

3.1. Disk Locking 

It is possible for some stellar magnetic flux to connect with the disk beyond the 
truncation radius, Rt- Due the the differential rotation between the star and 
disk, the magnetic field is twisted azimuthally and imparts a torque on the star. 
At the corotation radius, .R co = f~ 2 ^R*, the star and disk rotate at the same 
angular rate. Assuming Keplerian rotation in the disk, the magnetic flux that 
connects the star to the region in the disk between Rt and R co will act to spin up 
the star, while the flux connecting to the disk outside R co will remove angular 
momentum from the star. 



In order to address the angular momentum problem, the iGhosh &: Lamb 



(|l978fi model assumes that the stellar dipole magnetic field connects to the sur 



face of the disk over a large range of radii. This provides a possible explanation 
for angular momentum loss, as long as there is a substantial amount of stellar 
magnetic flux that connects to the disk outside R co , and R t needs to be very 
close to R co . This way, the torque on the star associated with the magnetic 
connection to the disk can be negative and possibly strong enough to counteract 
the spin up torque from accretion (eq. [2]). 



Adopting the Ghosh Sz Lamb framework , a few authors (| Cameron k, Campbell 



19931 : lArmitage fc Clarkelll996l : |Pinz6nll2006l ) have followed the spin evolution of 



pre-main-sequence stars according to the angular momentum equation 

dO,* dl* ■ ■ 

I* = ^* _ ^Ti \~ J&~\~ Jrai (3) 

Ot Ot 

where J m is the total torque due to the twisting of the connected stellar magnetic 
flux. Stellar models provide information about the rate of change of the stellar 
moment of inertia, dl*/dt. Regardless of the choice of initial stellar spin rate, 
these authors find that, under most circumstances, the system evolves to a state 
in which the net torque on the star is very nearly zero within a timeframe of a 
few hundred thousand years (as expected from eq. [[]). 
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The spin rate of the star in this torque equilibrium state can be calculated 
directly from the Ghosh & Lamb model, which gives 



n?> = CM a 3 / 7 (GM,) 5 /V 6/7 , 



(4) 



where C is a constant ("fudge factor") of order unity, fi = B^R^ is the dipole 
moment, and is the magnetic field strength at the surface of the star. In this 
state, the truncation radius must be very close to the corotation radius. Thus, 
the stellar rotation rate is very nearly the same as that at the disk inner edge, 
and this is referred to as the "disk locked" state. 

There are several models in the literature that follow similar assumptions as 
the Ghosh & Lamb model. Each of these differ in the details o f how they treat 
the ma gnetic coupling between the stellar field and the disk (see lMatt k. Pudritzl 
2005bl ). In the end, they all derive the same formula flU) , but with sl ightly 
different values of the factor C of order unity. For example, iKonigl ( 199ll ) used 
C7« 1.15. 



The X-wind (|Shu et al.lll994l . and subsequent works) is a disk locking model 
that removes the excess angular momentum by means of a wind from the inner 
edge of the disk. To do this, the X-wind assumes the stellar dipole magnetic field 
lines are pinched and connect to a very small region (the "X-point") around -/? co , 
rather than connecting to a large portion of the disk. Also, the X-wind assumes 
a torque equilibrium state, rather than producing a general formulation for a 
spin up or spin down state. Because it is a disk locking model, the X-wind 
predicts the same equilibrium spin as in equation with its own factor C of 
order unity. lOstriker Shul (|l995l ) found C « 1.13. 

We can use equation (jH) to predict the stellar dipole field strength necessary 
to explain the existence of slow rotators, 
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(5) 



It is evident that the Ghosh & Lamb-type and the X-wind disk l ocking models re- 
quire s tellar field strengths of the order of a kilo-Gauss (eq. see lJohns-Krull et al 
Il999bl ). Furthermore, disk locking always requires a large amount of stellar flux 
to connect to the disk. 



3.2. Problems With Disk Locking 

Kilo-Gauss fields were in fact a prediction of disk locking ( Konigl 199ll ). So 
when kilo-Gauss strength mean fields were first observed in T Tauri stars (e.g., 
Basri et all 1 19921 ; lGuentherlll997l ; iJohns-Krull et all Il999bl ). this seemed to be 
evidence for disk locking. However, these magnetic field measurements do 



not pr obe the global, dipole field strength (e.g., Safier|[l998l ; IJohns-Krull et all 
1999al ). required for efficient angular momentum loss. Rather, spectropolarimet- 



ric observations of a handful of accreting T Tauri stars to date (see contribution 
by Johns-Krull in these proceedings) reveal upper limits or marginal detections 
of the global field of ~ 100 Gauss. This is a serious problem for understanding 
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Figure 1 . The factor C in equation (01 as a function of the magnetic cou- 
pling parameter quantifies the effect of field li ne opening. T he dashed line 
corresponds t o the value of C = 1.15 used by iKonigil (|1991[ ). The figure is 
adapted from lMatt fc Pudritd (|2005bl ). 



the existence of the slow rotators, since for these field strengths, equation @ 
predicts spin rates in excess of 50% of breakup. 

A second and independent problem with the dis k locking scen ario regards 
the need for lots of stellar flux to connect to the disk. ISafieri (jl998) pointed out 
that stellar winds should open (disconnect from the disk) all of the stellar flux 
reaching outside ~ 3.R*, affecting all disk locking models. Alternatively, several 
auth o rs ( Lvnden-Bell fc Bo"Uvlll994l ; lLovelace et al.|[i~995l ; lAgapitou fc Papaloizou 
20001 : lUzdenskv et alJl2obl 7 showed that differential rotation between the star 



and disk will lead to an opening of much of the field that is assu med closed in 
the Ghosh fc Lamb model. In particular, lUzdenskv et al. (2002) showed that 
the magnetic connection between the star and disk becomes severed when the 
magnetic field is twisted to a point where B^/Bz is greater than one, where B z 
is the vertical vector component of the field, and B^ is the azimuthal component 
generated by the twisting. 

This amount of twisting occurs in approximately one half orbit of the disk, 
indicating that a large scale magnetic connection between the star and disk can- 
not persist for long. The only way for the magnetic field to remain connected to 
the disk is for the magnetic field to "slip" through the disk (e.g., via turbulent 
diffusion or magnetic reconnection) at a rate equal to the differential rotation 
rate, so that B^jB z remains small. The slip rate of the magnetic field rela- 
tive to the disk depend s on the physics of the magnetic coupling to the disk. 
Matt fc Pudritzl ( 2005b! ) characterized this coupling with a parameter (3, such 



that the slip rate of the magnetic field through the disk equals f3(Bfp/B z )vK, 
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where i>k is the Keplerian speed. Thus, large (3 corresponds to weak magnetic 
cou pling (fast slipping), and small j3 means strong coupling. 

iMatt k Pudritd (|2005bl ) quantified the effect that the field opening has 
on the torque f e lt by the star. To do this, they followed the assumptions of 
Ghosh k Lamb! ( 19781 ) except that the torque was set to zero where B^jB z 



exceeds unity, corresponding to where the magnetic field is expected to open. 
They were able to derive equation ^ such that the factor C is a function of (3 
and contains all the effects of field opening. The solid line in figure Q] shows this 
factor C as a function of lo g (3. For reference, the dashed line indicates the value 
of C used bv lKonid (|l99ll ). 

The behavior of C{(3) can be understood as follows. In the strong coupling 
limit (/? « 1), the field becomes more open as the coupling gets stronger; so 
the spin-down torque decreases with f3, and this means the equilibrium spin 
rate increases. In the weak coupling limit {(3 3> 1), the magnetic field is more 
connected, but the slip rate of the field is faster; so the field is less twisted for in- 
creasing /?, and so the spin-down torque decreases with increasing (3. Assuming 
the slipping or diffusion of the mag netic field is comparable to the effective vis- 
cosity i n the disk (e.g., in an a- disk; IShakura k Sunvaevl[T97l ) , IMatt k Pudritd 
( 2005bl ) estimated that the likely value of j3 in T Tauri systems is ~ 10~ 2 . 
From figure [T] and equation this value of (3 predicts an equilibrium spin 
rate more than 10 time s faster than predicted by the Ghosh k Lamb model. 
Matt k Pudritd ( 2005bl ) concluded that, when the effect of the field opening is 



taken into account, the slowly rotating T Tauri stars cannot be explained by a 
disk locking scenario. 



4. Stellar Winds, Reincarnated 

The problems with disk locking, and the expectation that the stellar mag- 
netic field will be la r gely o pen, prompts us to to revisit the suggestion by 
Hartmann k Stauffer ( 19891 ) that stellar winds from T Tauri stars can remove 



substantial angular momentum. Since stellar winds were first proposed, how- 
ever, we have gained a more detailed picture of the star-disk interaction. In 
particular, we now know that much of the emission properties of T Tauri stars 
arise from magnetospheric accretion phenomena. So now a more complete pic- 
ture of the interaction between the star and disk, including the transport of 
angular momentum by a stellar wind, is presented in figure [2j 

In the simplest case, the star is magnetically connected only to the inner 
edge of the disk and experiences only a spin up torque from this interaction 
(namely, the accret ion torque, eq.[2]). The stellar wind extracts angular momen- 



turn at a rate (e.g. IWeber k Davilll967l : lMestellll984l ) 



j w = -M w O*r A , (6) 

where M w is the mass outflow rate in the stellar wind alone and ta is the radius 
where the flow speed equals the magnetic Alfven wave speed. Note that, strictly 
speaking, the wind is 3-dimensional, so the value of r A in equation ([6]) actually 
represents the mass-loss weighted average of r\ over a 3-dimensional Alfven 
surface. 
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Stellar Wind 
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Figur e 2. Matter and angu lar momentum flow in the star-disk interaction. 
From lMatt fc Pudritzl (|2005al ). 



Assuming the system will evolve to a state with a very low n et torque, we can 
combi ne equations ([2]) and © to find the equilibrium spin rate (M att fc Pudritzl 
2005al ) . expressed as a fraction of breakup speed, 
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(7) 



So the existence of slow rotators can be explaine d, if the Alfven radius is compa- 
rable to the solar value (for the sun ta ~ 12.R*; OE2^), and the mass outflow 
rate in the stellar wind is a substantial fract ion of the accreti o n rate. The latter 
requires a lot of energy to drive the wind. iMatt Sz Pudritzl ( 2005a! ) suggested 
the wind is driven energetically by accretion power and showed that of the order 
of 10% of the accretion power is needed. 

This scenario holds that substantial angular momentum loss occurs only 
while the stellar wind is significantly enhanced by accretion power. Thus there 
should be a link bet w een a slow eq u ilibriu m spin and accretion (proposed by 
Edwards et al.l Il993l ) . iRebull et al.l (|2004l . and see contribution by Rebull in 
these proceedings) showed that such a link might account for the evolution of 
the distribution of T Tauri star spins, observed to vary from cluster to cluster. 
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5. The Nature of Accretion Powered Stellar Winds 

It seems now that, after being largely neglected for ~ 15 years, a stellar wind may 
still be a promising candidate for solving the angular momentum problem for 
young stars. However, more theoretical work and observations will be necessary 
to understand the true nature and importance of T Tauri star winds. Here is 
what we can say thus far. 

Large-scale flows with mass outflow rates compa rable to (~ 1Q% of) th e 
accretion rates do emanate from these systems (e.g., iReipurth Bally 2001 ). 



It is clear that much of this flow originates from the disk ( Blandford Pavnd 



1982 ; Shu et al. 1995) , but it is not yet clear what fraction of the total f l ow ca n 



originate from the star. The best estimate to date is from Decampli (.1981) 



who showed that the outflow rates of stellar coronal winds with temperatures of 
~ 10 6 K cannot exceed 1O -9 M0 yr _1 , or else the X-ray luminosity from the wind 
would exceed observed values. For now, we simply emphasize that a wind from 
the disk provides the best explanation for the bulk of the large-scale outflow, 
while the primary importance of the stellar wind may be to remove angular 
momentum from the star. Figure [2] illustrates both wind components. 

T Tauri stars are magnetically active and possess h ot coronae that are 4-5 



order s of magnitude more energetic than the solar corona (jFeigelson fc Montmerle 
119991 ). Therefore, it seems reasonable to assume that T Tauri stars possess a 
thermally driven wind, like a scaled-up (in M w and B*) solar coronal wind. The 
wind temperature required for ther mal driving s cales proportional to the square 
of the escape speed from the star ( Parked Il958l ). This means that for a typical 



T Tauri star with M* = O.5M and i?* = 2R Q , the temperature at the base 
of the s tellar wind shou ld be ~ 300,000 K. This is much cooler than the 10 6 K 
used bv lDecampli ( 198ll ). and so the mass outflow rate can be much higher than 



10~ 9 M Q yr _1 before the X-ray emission becomes a problem. We have computed 
a number of magnetic coronal winds for T Tauri stars and found viable solutions 
to equation (JT]) to explain the slow rotators (Matt & Pudritz 2007, in prepara- 
tion). The way in which accretion power transfers to heat the stellar corona is 
yet unknown, though it likely would involve the dissipation of magneto-acoustic 
wav es and/or mixing of shock- h eated accreting gas into the stellar wind. 

Edwards et ail (|200l 120061) observed the He 1 10830 line in several accreting 



T Tauri stars. In many cases, they found broad P-Cygni profi les similar to the 
hydro gen line profiles predicted by the stellar wind models of lHartmann et aT 



(1990, see §2). A stellar wind, as opposed to a disk wind, provides the best 



explanatio n for the larg e rang e of blue-shifted velocities over which the line is 
absorbed. iDupree et al. ( 20051 ) observed the He I 10830 line, as well as uv lines 



of C III and O VI, in two systems and concluded that the stellar wind had a 
temperature of ~ 300, 000 K. Observations such as these are important for our 
understanding of the nature of T Tauri stellar winds. 



6. Challenges 



Here we list just a few of the most important outstanding questions for under- 
standing the angular momentum loss in young stars. 
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What are the mass outflow rates of the stellar winds (as distinct from the 
disk wind) in accreting T Tauri stars? What is the temperature of these winds? 
For this, radiative transfer modeling including stellar winds, disk winds, and 
accretion flow will be useful. Also, magnetic field measurements that gauge the 
strength of the global (dipole) component of the field are crucial to quantify the 
strength of magnetic torques. 

Can we understand the observed distributions of T Tauri star spins, and 
evolution of the distributions, in the context of an accretion-powered stellar 
wind model, in a similar way as has been done for the disk locking scenario (as 
discussed by Rebull, these proceedings)? How does accretion power transfer to 
the stellar wind? Is it thermally driven or otherwise? What emission properties 
are expected from an accretion-powered stellar wind? 

Answers to many of these questions are already being pursued by a number 
of research groups. We are optimistic that the combination of precision spec- 
troscopy and advanced numerical simulations and theoretical work will bring 
many new insights to the solution of one of the most interesting and difficult 
problems in stellar astrophysics. 
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